Abstract: The bacterium Streptomyces coelicolor M145 reacts to transition-metal-ion stress with myriad growth responses, leading to different phenotypes. In particular, in the presence of Co 2 + ions (0.7 mm) S. coelicolor consistently produced a red phenotype. This phenotype, when compared to the wild type, differed strongly in its production of volatile compounds as well as high molecular weight secondary metabolites. LC-MS analysis revealed that in the red phenotype the production of the prodigiosins, undecylprodigiosin and streptorubin B, was strongly induced and, in addition, several intense signals appeared in the LC-MS chromatogram. Using LC-MS/MS and NMR spectroscopy, two new prodigiosin derivatives were identified, that is, coeligiosin A and B, which contained an additional undecylpyrrolyl side chain attached to the central carbon of the tripyrrole ring system of undecylprodigiosin or streptorubin B. This example demonstrates that environmental factors such as heavy metal ion stress can not only induce the production of otherwise not observed metabolites from so called sleeping genes but alter the products from well-studied biosynthetic pathways.
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In their natural environment, microorganisms such as Actinomyces have to cope with changing and sometimes adverse conditions. Microorganisms not only rapidly adapt under evolutionary pressure [1] but their genomes contain a great repertoire of secondary metabolite genes [2] that can ensure their survival.
Actinomyces are most well-known for their secondary metabolites, such as polyketides or non-ribosomal peptides, many of which turned out to be of invaluable pharmaceutical use, for example, as antibiotics. [3] The variation of fermentation conditions has been intensively used in order to optimize the production of secondary metabolites in biotechnological processes. [4] Bode et al. systematically varied growth conditions in order to induce the formation of diverse secondary metabolites in a selected Streptomyces strain and termed their approach OSMAC (one strain many compounds). [5] With the genome sequencing of many Actinomyces such as the model Streptomycete Streptomyces coelicolor A3(2), [6] it became evident that these antibiotic producers comprise a lot more secondary metabolite gene clusters than secondary metabolites that have been identified from them. [2, 7] Clearly, the maintenance of secondary metabolite gene clusters and their formation is costly for the producing strains. [8] In contrast to laboratory cultivation under optimized growth conditions, in their natural environment microorganisms have to cope with biotic and abiotic stress factors, for example, competition for space and nutrients. In such scenarios secondary metabolites are likely specifically and flexibly produced to ensure survival under varying and challenging growth conditions. In nature, therefore, microorganisms most likely produce secondary metabolites from "silent gene clusters" to react to their environment. Biotic and abiotic factors influence the microorganisms, leading to morphological and metabolic changes. [9] [10] [11] [12] The influence of such environmental factors can be studied in the laboratory, for example, by co-cultivation, [13, 14] or by addition of antibiotics in subinhibitory concentrations, [10, 15] signaling compounds, [9] or transition metal ions [16] such as Sc 3 + ions [17, 18] or Co 2 + ions [19, 20] into the growth medium. Here, we studied the adaptation of S. coelicolor M145 (the source strain for the genome sequencing, not containing the plasmids SCP1 and SCP2 compared to S. coelicolor A3(2)) [21] to suboptimal growth caused by transition metal ions that induced the formation of diverse phenotypes ( Figure S1 in the Supporting Information), in particular a red phenotype (Figure S1 C in the Supporting Information) in S. coelicolor M145. Its secondary metabolite production strongly differed from the grey phenotype. The most obvious differences in its metabolic profile turned out to be due to changes in the prodigiosin biosynthesis of S. coelicolor M145, [22] yielding novel prodigiosin derivatives rather than the activation of silent secondary metabolite gene clusters.
In Figure S1 A,C,D,E in the Supporting Information), whereas without addition of Co 2 + -ions S. coelicolor appeared on SFM medium as brown/grey colonies ( Figure S1 B in the Supporting Information).
In the presence of Co 2 + -ions (0.7 mm), red S. coelicolor colonies were regularly found on the SFM plates ( Figure S1 C in the Supporting Information). These red colonies were picked and the phenotype could be maintained both on agar plates supplemented with Co 2 + -ions and liquid medium supplemented with Co 2 + -ions. Therefore, this red phenotype was selected in order to screen for differences in its secondary metabolite production compared to the untreated S. coelicolor grey phenotype.
First, we investigated the volatile profile of the red phenotype growing in SFM medium supplemented with Co 2 + -ions for 3 to 12 d using SPME (solid phase micro extraction) and closed-loop stripping (CLS) [23] for volatile collection and GC-MS for their analysis ( Figure 1 ).
Drastic changes in the volatile bouquet of the red phenotype were observed in comparison to the S. coelicolor M145 grey phenotype, which produced mainly 2-methylisoborneol (1) and geosmin (2) (Figure 1 A,B) . [24] The red phenotype instead produced large amounts of 2-acetylpyrrole (4), 2-tridecanone (6), 2-undecylpyrrole (7), and only reduced amounts of 2-methylisoborneol (1) and geosmin (2) (see the Supporting Information). The intense peak of 2-undecylpyrrole (7) in the gas chromatogram of the volatiles from the red phenotype, together with its dark red pigmentation, suggested that in the red phenotype the production of the red colored prodigiosins, undecylprodigiosin (8) and streptorubin B (9) (Scheme 1), [25] [26] [27] [28] might be strongly induced compared to the grey phenotype, when grown in SFM medium.
Both prodigiosins 8 and 9 are well-known secondary metabolites from S. coelicolor M145. They are biosynthesized by condensation of 4-methoxy-2,2'-bipyrrole-5-carboxaldehyde and 2-undecylpyrrole (7). [29] 2-Tridecanone (6) in the volatile profile of the red phenotype is likely a breakdown product of the 3-oxotridecanoylCoA ester, the biosynthetic precursor of 2-undecylpyrrole (7) [22] (see the Supporting Information). The following differential analysis of methanolic cell extracts of the red phenotype and the grey phenotype by LC-MS revealed drastic differences in the production of secondary metabolites. The total ion current chromatogram of the red phenotype exhibited intense peaks corresponding to undecylprodigiosin at 15.4 min and 17.2 min (possibly different conformers) [27, 28, 30] (8) and streptorubin B (9) at 13.7 min, and additional peaks of so far unknown compounds that were not produced by the grey phenotype (Figure 1 C/D) . The prodigiosins, undecylprodigiosin (8) and streptorubin B (9), were purified and confirmed by HR-ESI-MS and NMR. One of the unknown compounds (10) was isolated using size exclusion chromatography, flash chromatography, solid phase extraction, and semipreparative HPLC. 10 was obtained as a dark purple solid (ca. 0.1 mg L À1 culture) with a [M + H] + ion of m/z = 611.46857 corresponding to the molecular formula C 40 H 58 ON 4 . The compound contained 14 double bond equivalents, suggesting the presence of an extended aromatic system in the molecule. Because the quasimolecular ion of 10 fragmented in a similar way as the quasimolecular ion of streptorubin B (9), [31] it is clear that both compounds were closely related (see the Supporting Information). Consequently, we subtracted the elemental composition of streptorubin B (9) from the unknown compound 10. The difference was C 15 H 25 N, matching to an additional 2-undecylpyrrolyl moiety. Thus, the structure of 10 could be a streptorubin B (9) derivative with an additional 2-undecylpyrrolyl side chain (Figure 2 A) .
NMR analysis of 10 in CD 3 OD at 298 K (Figure 2 B) revealed instantly significant similarities to undecylprodigiosin (8) and streptorubin B (9) . Six proton signals at d = 6.2-7.1 ppm corresponding to seven pyrrole protons and an intense signal for alkyl protons (d = 0.76-1.47 ppm) were observed, with the latter matching two undecyl side chains. However, in comparison to the NMR spectra of prodigiosins 8 and 9 the line shapes of the aromatic protons of 10 were rather broad, particularly the signals for H-3, H-4, and H-19. Other solvents such as CDCl 3 , C 6 D 6 CD 3 CN, and [D 6 ]DMSO did not result in better spectra compared to those in CD 3 OD at 298 K, but revealed the presence of three exchangeable NH protons. The extended conjugated system of 10 with the additional pyrrole moiety in comparison to the prodigiosins 8 and 9 clearly causes the observed line broadening.
H-COSY correlations of 10 accounted for one pyrrole moiety substituted at position 2, two pyrrole rings substituted at three carbon atoms, and one pyrrole moiety substituted at the positions 2 and 5. In the 1 H NMR spectrum of 10 the proton signal of the central carbon atom C-6, like that found in the spectrum of undecylprodigiosin (8) or streptorubin B (9), was missing, suggesting that the additional 2-undecylpyrrolyl moiety of 10 is attached at this position. The attachment of the 2-undecylpyrrolyl moiety to the streptorubin B core structure at the central carbon C-6 was also reflected in C-HSQC correlation, which fits with the assumption that C-6 of 10 is being substituted with the additional 2-undecylpyrrolyl moiety.
In order to elucidate the carbocyclic ring in 10 we searched for the H-4'' signal for which the corresponding signal in streptorubin B (9) appears at d H 1.44. [27] The H-4 a '' signal of 10 appeared at d H 0.83-1.64, but it was very broad and thus hardly visible (Figure 2 B) .
Because of the shortcomings of the NMR spectra of 10 in CD 3 OD at 298 K, the behavior of 10 at different temperatures was studied. Cooling to 222 K led to significant changes in the signal pattern (see the Supporting Information). The broad signals of H-4, H19, and H-3 changed to a set of signals indicating the presence of three conformers (major, minor, and trace isomer) of 10. Instead of the hardly visible signal of H-4 a '' at 298 K, two well detectable signals at d H 0.95-1.06 and d H 1.52-1.63 appeared for H-4 a '' at 222 K. Although the mixture of conformers of 10 at 222 K complicated the NMR spectra, key 1 H- 13 C-HMBC correlations to the central atom C-6 appeared clearer than at 298 K (see the Supporting Information). Based on the accumulated spectroscopic data we concluded that the novel compound 10 is a streptorubin B derivative with an additional 2-undecylpyrrolyl moiety attached to the central carbon atom (C-6) of the tripyrrole ring system of prodigiosins (Scheme 1). As with streptorubin B (9), 10 was expected to contain a 10-membered meta-bridged butylcycloheptylpyrrole moiety. However, due to overlapping signals, the connection of the carbocyclic ring was not identified by NMR but by feeding [1',1',7',7'-2 H 4 ]-2-undecylpyrrole (7') to the red phenotype and studying the incorporation of the deuterium atoms into 10 by LC-ESI-MS. [1',1',7',7'-2 H 4 ]-2-undecylpyrrole (7') was obtained from [7',7 (see the Supporting Information). The observed incorporation pattern into 10 proves that it consists of an analogous tenmembered carbocylic ring as streptorubin B (9), because one deuterium atom was lost upon ring formation with [1',1',7',7'-2 H 4 ]-2-undecylpyrrole (7', see the Supporting Information). The chiral carbon C-7'' of the carbocyclic chain in coeligiosin B (10) was assigned with S-configuration, as with that of streptorubin B (9), [27, 28] based on the similar circular dichroism spectrum and the origin of the compound. At 298 K coeligiosin B (10) shows interconversion of its possible atropisomers, whereas at 222 K three conformers were observed. Roesy measurements suggest that the 2-undecylpyrrolyl moiety of the major isomer of 10 stands out of the plane formed by the streptomycin B core because of a clear correlation between C4 with C4'' (see the Supporting Information).
Because of its close relationship to streptorubin B (9) and its occurrence in S. coelicolor, we named compound 10 coeligiosin B (Scheme 1).
Besides coeligiosin B (10), a closely related compound (11) with a quasimolecular ion of m/z 613.48407, corresponding to an elemental composition of C 40 H 60 ON 4 , was found by LC-MS analysis of the methanolic extract of the red phenotype.
Compound 11 differed from coeligiosin B (10) by two additional hydrogen atoms. In analogy to the prodigiosins, streptorubin B (9) and undecylprodigiosin (8) , which also differ by two hydrogens due to the carbocylic ring of the undecyl side chain, 11 was suspected to be an undecylprodigiosin (8) with an additional undecylpyrrolyl side chain and consequently we named it coeligiosin A (11). The comparison of the MS/MS spectrum of coeligiosin A (11) with coeligiosin B (10), undecylprodigiosin (8) , and streptorubin B (9) fully supported this assignment (see the Supporting Information). The quasimolecular ion of coeligiosin A (11) fragments to a series of ions that reflect the 2 amu difference to coeligiosin B (3) (see the Supporting Information). However, compound 11 was produced in such low amounts by the red phenotype that our deductions based on mass spectrometry could not be supported by additional NMR spectra.
To rule out that coeligiosins might be formed during the work-up, we analyzed colonies of the red phenotype directly from SFM agar plates by MALDI-MS. Prodigiosins and coeligiosins were found and it became evident that coeligiosins were produced by the red phenotype. Because the MALDI-MS detection worked very well, we also applied it to screen red colonies of S. coelicolor M145 grown in the presence of different transition metal ions (Fe 2 + , Mn 2 + , Co 2 + , Ni 2 + , Cu 2 + , and Zn 2 + ). Most transition metal ions apart from Fe 2 + induced the formation of prodigiosins and coeligiosins (see the Supporting Information). The induction of the prodigiosin biosynthesis and its alteration to additionally produce coeligiosins is not restricted to Co 2 + ions but occurs with several transition-metal ions.
So far, the biosynthesis of coeligiosins still remains unclear; besides that, there is a clear overproduction of the precursor 2-undecylpyrrole (7). For the additional attachment of 2-undecylpyrrole (7), an oxidation of the central carbon C-6 of streptorubin B (9) or of the aldehyde moiety of 4-methoxy-2,2'-bipyrrole-5-carboxaldehyde is expected.
In addition to future biosynthetic studies, the molecular basis for the observed phenotype also needs further investigation. At the moment we cannot tell if the red phenotype was caused by a transition-metal-induced mutation or by a regulatory effect. If the red phenotype is propagated on medium without the addition of Co 2 + ions the red phenotype is gradually lost and the appearance of the resulting strain becomes similar to the grey phenotype, which might be due to back mutation or cancellation of a regulatory effect.
In summary, transition-metal-ion stress caused the formation of diverse S. coelicolor M145 phenotypes. The red phenotype showed a drastically altered secondary metabolite profile. The production of undecylprodigiosin (8) and streptorubin B (9) was strongly induced. In addition, we detected the formation of the so far unknown prodigiosin derivatives, coeligiosins A (11) and B (10).
Our observations show that environmental stress can cause metabolic flexibility of a well-known biosynthetic pathway in Streptomyces. Besides the induction of "silent gene clusters", [9, 11, 12] one has to consider other metabolic changes that may yield novel metabolites. Future experiments are needed to understand the adaptation of the prodigiosin biosynthesis, [22] as well as the molecular basis that led to the development of the red phenotype of S. coelicolor M145 under transition-metal-ion stress.
Experimental Section
General: Chemicals were purchased from Sigma Aldrich. Reactions were performed with dry solvents under argon atmosphere if necessary. GC-MS was performed with a Thermofisher TraceMS. For LC-MS a Dionex 3000 HPLC system connected to a Thermofisher LTQ fitted with an ESI ion source was used. AP-MALDI-MS was performed with the ion source from MassTech connected to the LTQ. HR-ESI-MS spectra were obtained from a Thermofisher Orbitrap XL. For semipreparative HPLC an Agilent 1100 HPLC system connected to a Gilson 206 fraction collector was used. NMR spectra were recorded with Bruker Avance AV-400, AV-600 or AV-500 spectrometer (the latter fitted with a TCI cryoprobe). NMR spectra were calibrated using the solvent signals ( 4 (0.7 mm) reliably induced the formation of a red phenotype, it was used for further studies. For formation of the red phenotype, SFM agar plates (diameter 9 cm, 50 mL) were covered with 500 mL CoSO 4 solution (0.07 m). After drying of the CoSO 4 solution, S. coelicolor M145 spores were spread onto the agar plates. After about 5 d of incubation, different phenotypes were picked and cultivated on fresh SFM agar plates, containing CoSO 4 (0.7 mm).
For the comparison of the metabolic profiles of the grey phenotype and the red phenotype, cultures were supplemented with 0.7 mm CoSO 4 and cultivated in 200 mL of liquid SFM medium in 500 mL flasks fitted with springs for aeration. A single colony from SFM agar plates served as inoculum. The flasks were incubated on an Infors orbital shaker at 220 rpm at 28 8C for 10 d. 1 mL samples were withdrawn each day for 10 d. The samples were centrifuged (16 000 g, 1 min) . The pellet was resuspended in MeOH and extracted for 1 h. After centrifugation (16 000 g, 2 min) the extract (5 mL) was analyzed by LC-MS.
LC-MS analysis:
Methanolic cell extracts of S. coelicolor grey phenotype and the red phenotype were analyzed by LC-MS. The extracts were separated using a Gemini C18 (250 mm 2 . The cells were harvested and extracted with 3 250 mL acidified methanol overnight. After centrifugation (4000 g, 30 min), the supernatant was diluted with water (300 mL) and extracted with chloroform (3 200 mL), the organic layer was dried over Na 2 SO 4 and evaporated to dryness. The residue was dissolved in methanol (15 mL) and applied to a Sephadex LH20 column (5 50 cm). The compounds were eluted with methanol. Fractions containing coeligiosins from the LH20 size-exclusion chromatography were combined, concentrated, and separated using an XTerra MS C18 column (10 mm 50 mm, 5 mm, Waters). HPLC programme: 2 min 65 % B, in 18 min to 100 % B, 15 min 100 % B; flow of 2 mL min 1 ; solvent A: H 2 O 0.5 AcOH, solvent B: MeOH 0.5 AcOH. Final purification was performed by silica flash column chromatography using chloroform/methanol/28 % aqueous ammonia solution (95/5/1) as eluent.
